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ABSTRACT 
The objectives of this project were to determine the start-up time and optimal running 
conditions for an upflow anaerobic sludge bed reactor using imbedded bacteria, and to upgrade a 
current wastewater treatment system used in the fiber industry.  Using information collected from 
activity tests and daily data from the reactor, conclusions were drawn about the use of imbedded 
bacteria and process design.  From the results an efficient treatment design was developed and the 
optimal operating conditions were found.   
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ABSTRACT 
Anaerobic treatment has been considered one of the most effective and economical 
methods in treating industrial wastewater, especially high strength industrial wastewater. 
However, the major drawback of anaerobic treatment is its extremely long start-up period due to 
the low growth rate of the anaerobic bacteria.  The start up period generally requires 3 to 8 months.  
This project looked to reduce the start-up time by embedding bacteria in cubes of a dense polymer.  
The objectives of this project were to: 
 Determine the start-up time and optimal running conditions for a UASB reactor 
using raw wastewater from the fiber industry 
 Assess the activity of the imbedded bacteria over the running period and height of 
the reactor 
 Establish the effect of the glucose on the degradation of the PTA wastewater 
components 
 Utilize the information collected to develop an effective design to upgrade a current 
PTA wastewater treatment system 
To obtain these objectives an upflow anaerobic sludge bed reactor was run over a 137 day 
period.  Data was recorded daily from the reactor and tests were conducted to determine the daily 
chemical oxygen demand and volatile fatty acids concentration.  Samples were taken over the 
running period and height of the reactor to be used in activity measurements.  The samples were 
first analyzed using a glucose analysis to measure the activity of the fermentative bacteria.  A 
glucose substrate was added to the samples and the change in glucose was measured over time.  
The resin glucose was calculated by measuring the absorption and compared to a standard to 
determine the activity of the bacteria.  After the glucose analysis the activity of the methanogens 
was measured using acetic acid.  An acetic acid substrate was added to the samples.  Samples were 
taken when biogas was produced.  The concentration of acetic acid was measured using gas 
chromatography.  Gas chromatography-mass spectroscopy was used to determine the major 
components in the influent and the effluent.  The chromatographic peaks were identified by 
comparison with two reference mass spectral libraries utilized through the program Turbomass 
version 4.1.1.       
From the data it was found that the startup of the anaerobic reactor using the imbedded 
bacteria took 62 days.  At this time the PTA wastewater was no longer diluted.  The proper 
hydraulic retention time was 3-4 days and the organic loading rate was 2 kg COD/m3∙d.  The 
hydraulic retention time did not vary greatly over the running period.  These conditions allowed 
the COD removal rate of to reach 70-80% consistently. 
The increase of the fermentative bacteria during the startup phase coincided with the 
increase in the efficiency of the reactor.  For this information, it can be inferred that the 
fermentative bacteria were the rate limiting step in the anaerobic metabolism.  The activity of the 
methanogens decreased after the startup period.  Methanogenic bacteria are more sensitive to 
changes in their environment than the fermentative bacteria.  Crystals were found at the base of the 
reactor and were believed to have been formed by the buildup of inorganic materials.  These 
inorganics had a negative affect on the sensitive methanogenic bacteria in the reactor.  There was 
an increase in activity with the height of the reactor for both types of bacteria.  This similarity 
shows that there was a balance between the fermentative bacteria and the methanogens that was 
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consistent throughout the reactor.  The most active bacteria were at the top of the reactor, while the 
least active were near the entrance of the influent.   
The addition of glucose to the influent allowed for greater degradation of more complex 
molecules.  Glucose was only added to the reactor when necessary.  It added an additional cost to 
the treatment, but the benefits of the glucose were easily recognizable by comparing the two 
effluents.   
A new treatment system was designed, in which the two anaerobic filters were replaced by 
five upflow anaerobic sludge bed reactors (UASB) that contained no media for the bacteria to grow 
on.  The new design reduced costs by not employing the expensive media.  The UASB system 
eliminated the need for settling tanks and allowed the reactors to be maintained more effectively.   
Overall, the activity of the bacteria was not hindered by the immobilization technique.  The 
use of the imbedded bacteria increased the start-up time of the bacteria and led to greater stability 
of the reactor, as seen through the high organic loading rates.  The addition of glucose led to greater 
degradation of the refractory materials and inorganics in the wastewater.  The enhanced design of 
the wastewater treatment increased safety and longevity of the system, while reducing the cost. 
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CAPSTONE DESIGN STATEMENT 
As a Major Qualifying Project, this report fulfills the Capstone Design experience.  The 
Capstone Design requires that the project address issues related to the real world implementation 
of the chosen design.  The aspects of design that must be addressed to fulfill the capstone 
requirement include: 
 Economic 
 Sustainability 
 Manufacturability 
 Health and Safety  
 Ethical 
 Social 
 Political 
Despite the fact that some of these issues are not wholly relevant in the context of this 
project, it is my goal to address these issues as directly as possible throughout the course of this 
report. 
While prices of labor and materials vary greatly between China and other countries, one of 
the overall goals of the treatment plant design was to reduce costs.  This was done by using local 
materials that are manufactured in China, as well as local labor.  The cost of supplies and labor vary 
throughout China and these numbers are not readily available to foreigners.  This made it difficult 
to find actual numbers on the cost of construction.  The modeling software CAPCOST was used in 
conjunction with technical data to find the construction costs of both plants in U.S. dollars.  By 
comparing the new design and the current system, it was clear which system would be more cost 
effective.   
By reducing the dependence on overseas companies, the manufacturability and 
sustainability of the reactors was increased.  Using a simple reactor design requires less training for 
employees and creates a sustainable product that can be maintained by the treatment plant.  The 
reactors were designed so that maintenance could be performed at regular intervals, to ensure the 
longevity of the treatment system.    
The health and safety issues are closely related to the political, social and ethical aspects of 
water treatment.  When companies produce chemicals such as purified terephthalic acid, 
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governmental standards must be followed for the treatment of the wastewater.  This ensures the 
health of the environment and society.  The safety of the treatment process was increased by 
reducing the dependence on each individual reactor.  Instead of using two large reactors, five 
reactors will be used.  This allows for a reduced environmental impact if a reactor needs to be 
drained in an emergency.  High strength industrial wastewater poses major health and 
environmental problems if not treated properly.  The use of these new reactors is aimed at 
increasing the treatment efficiency so that environmental standards set by the government can be 
met.   
This project addresses many of the major aspects required by the capstone design.  The 
proposed design wholly reflects the considerations that were made in regards to safety, costs, 
sustainability, and manufacturability.  The project and design also touch on other aspects such as 
ethical and social issues associated with the wastewater treatment.  This project fulfills the 
capstone design experience.      
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EXECUTIVE SUMMARY 
Anaerobic treatment has been considered one of the most effective and economical 
methods in treating industrial wastewater, especially high strength industrial wastewater. 
However, the major drawback of anaerobic treatment is its extremely long start-up period due 
to the low growth rate of the anaerobic bacteria.  The start up period generally requires 3 to 8 
months.  This project looked to reduce the start-up time by embedding bacteria in cubes of high 
molecule organic material.  The objectives of this project were to: 
 Determine the start-up time and optimal running conditions for a UASB reactor 
using raw wastewater from the fiber industry 
 Assess the activity of the imbedded bacteria over the running period and height 
of the reactor 
 Establish the effect of the glucose on the degradation of the PTA wastewater 
components 
 Utilize the information collected to develop an effective design to upgrade a 
current PTA wastewater treatment system 
BACKGROUND 
Anaerobic treatment of wastewater allows for many advantages over aerobic treatment 
(Speece, 1996).  Anaerobic treatment can withstand high organic loading rates and produces a 
low volume of sludge.  This type of treatment also produces energy in the form of methane.  
Anaerobic metabolism is a three stage process that requires specific operating conditions to be 
utilized as an effective treatment method.  In the first step hydrolysis takes place, in which the 
large, complex soluble and insoluble molecules are broken down into smaller molecules by 
extracellular enzymes associated with the fermentive microbes (He, Lüa, Shaoa, Wanga, & 
Zhanga, 2007).  In the second stage acetogenesis and acid formation take place.  Here, the end 
products from the hydrolysis are converted to organic acids (primarily acetic acid), hydrogen, 
and carbon dioxide.  Methanogenesis takes place in the final stage when acetic acid, hydrogen, 
and carbon dioxide are converted to methane.   
The upflow anaerobic sludge bed reactor (UASB) is a common type of anaerobic 
treatment that can be utilized for industrial wastewater.  In a UASB reactor microorganisms 
located in the sludge gather into granules (Droste, 1997).   The granules are too heavy to flow 
over the weirs and form a dense suspended sludge blanket that increases the holdup of solids in 
the system.  Microorganisms that are not capable of attaching to each other flow out of the 
reactor.  Influent flows up through the bottom of the tank and comes in contact with the sludge 
blanket.  The microorganisms degrade the wastewater and biological gases are formed.  The 
gases are collected in a dome at the top of the reactor. 
Wastewater coming from the production of purified terephthalic acid (PTA) can utilize 
anaerobic treatment for treatment.  PTA is used to make beverage containers, polyester and 
film.  The wastewater has the characteristics of high COD and low pH.  PTA wastewater needs to 
be effectively treated to reduce health and environmental concerns associated with its release.       
METHODS 
The objectives of this project were to find the optimal running conditions for the UASB 
reactor, determine the activity of the immobilized bacteria, and to compare the major 
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constituents found in the wastewater to those in the influent.  The research focuses on three 
objectives and the methodology is divided into these sections accordingly.  Data was collected 
from the UASB reactor over a 137 day running period.  The volatile fatty acids and chemical 
oxygen demand concentrations were determined daily.  The organic loading rate, pH and 
hydraulic retention time were also recorded.   
Samples were taken over the running period and height of the reactor.  The samples 
were first analyzed using a glucose analysis to measure the activity of the fermentative bacteria.  
A glucose substrate was added to the samples and the change in glucose was measured over 
time.  The resin glucose was calculated by measuring the absorption and compared to a 
standard to determine the activity of the bacteria.  After the glucose analysis the activity of the 
methanogens was measured using acetic acid.  An acetic acid substrate was added to the 
samples.  Samples were taken when biogas was produced.  The concentration of acetic acid was 
measured using gas chromatography.   
For gas chromatography-mass spectroscopy (GS-MS) analysis the 100 mL wastewater 
samples were first extracted with dichloromethane, then dewatered with dry sodium sulphate, 
condensed into 1 mL, and finally analyzed with AutoSystem XL GC/TurboMass MS (Perkin 
Elmer, US). The chromatographic peaks were identified by comparison with two reference mass 
spectral libraries utilized through the program Turbomass Version 4.1.1.  The two libraries 
associated with this program were U.S. National Institute of Standards and Technology, NIST 98, 
and Wiley Registry 7.0. 
To understand the wastewater treatment system currently in use at Yangzi 
Petrochemical Company, I toured the facilities at their Nanjing, China location.  The tour was led 
by STJU student, Cheng Xuehang, who is familiar with their setup.  The information gathered 
from this field trip were combined with the data collected from the UASB reactor to create a 
design that had a greater COD removal rate, a solution to the problem of sludge buildup upon 
the media, a reduction in blockage issues that occur in the pipes, inorganic accumulation and 
cost.  
RESULTS 
The analysis of the UASB reactor is broken into four sections: PTA wastewater, running 
conditions, volatile fatty acids, and chemical oxygen demand. 
The PTA wastewater was analyzed before it was used in the reactor.  It was found that 
the wastewater had the characteristics of high COD and low pH.  During the first 20 days of 
running the pH of the effluent remained above 8.0.  The average pH was 7.7, with a range of 7.1-
8.4.  For 24 data readings the pH level was out of the ideal range for the methanogens, and 21 of 
these occurred during the initial 21 readings.  The effluent pH remained adequately stable after 
this initial period. The average pH of the influent was 7.09 and the range was from 6.0-7.4. 
Ideally the concentration of VFA in the reactor will be less than 200 mg HAc/L.  The VFA 
concentration in the UASB reactor fluctuated above the ideal value, but it was still in an 
appropriate range.  The VFA value became more stable during the end of the running period.  
Due to the use of the titration method, the value of the reported VFAs may only be those 
gathered from the acetic acid.  Ideally, gas chromatography would be used to determine the VFA 
concentration in this experiment. 
For the initial 13 days the effluent quality was poor due to the high COD.  In a few 
instances the effluent COD was actually higher than the influent COD due to the low activity of 
the sludge.  Beginning on the 14th day the COD removal rate increased slowly, indicating that the 
bacteria had begun to adapt to the reactor and the wastewater.  By day 17 the removal rate was 
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at 50% and stayed steady for a period of time.   Glucose was added to improve the degradation 
performance and the COD removal rate went up to 75%.  By the 62nd day the wastewater was no 
longer diluted, this change caused a downward trend in the COD removal. It went lower than 
65% and then glucose was added.  It then remained steady at a 75% removal rate.   
The activity tests for the bacteria over the running period showed a significant increase 
in the activity of the fermentative bacteria over the startup period. This coincided with an 
increase in the running performance of the reactor.  From this we find that hydrolysis, which the 
fermentative bacteria are involved, is the rate limiting step of anaerobic metabolism.  The 
trends in the activity of both types of bacteria are similar throughout the height of the reactor.  
For both types of bacteria the major increase in activity comes from the #1 to #4 ports.  There is 
a consistent balance in the distribution of the bacteria over the height of the reactor. 
The GC-MS analysis showed that the raw PTA wastewater had 16 major peaks.  Major 
peaks were classified as those having a greater than 1.0% peak ratio.  Both types of the effluent 
contained 9 major peaks.  The major components in both the PTA wastewater and effluent 
without glucose both contain benzene rings.  The major component in the effluent with glucose 
was benzoic acid, 4-methyl, which consists of a carbon chain and is easier to degrade than the 
substituted aromatic compounds.  
The new design will utilize five UASB reactors running in parallel. With this system only 
four of the reactors need to be operating at one time to manage the treatment of the incoming 
wastewater.  This will allow maintenance to be performed on the reactors, such as removal of 
inorganic materials.   By using the UASB reactors there is no need for sedimentation tanks, 
because of the three phase separator built into the reactors.  The new design also contains some 
safety features.  The addition of a manhole at the top of the reactor will allow access to the 
reactor without having to drain the contents of the reactor.  The emergency drainage port that is 
present on the existing reactors will also be utilized on the new UASB reactors.   
CONCLUSIONS 
 From the data it was found that the startup of the anaerobic reactor using the 
imbedded bacteria took 62 days.  At this time the PTA wastewater was no longer diluted.  The 
proper hydraulic retention time was 3-4 days and the organic loading rate was 2 kg COD/m3∙d.  
The hydraulic retention time did not vary greatly over the running period.  These conditions 
allowed the COD removal rate of to reach 70-80% consistently. 
The increase of the fermentative bacteria during the startup phase coincided with the 
increase in the efficiency of the reactor.  For this information, it can be inferred that the 
fermentative bacteria were the rate limiting step in the anaerobic metabolism.  The activity of 
the methanogens decreased after the startup period.  Methanogenic bacteria are more sensitive 
to changes in their environment than the fermentative bacteria.  The crystals found at the base 
of the reactor are believed to have been formed by the buildup of inorganic materials.  These 
inorganics had a negative affect on the sensitive methanogenic bacteria in the reactor.  There 
was an increase in activity with the height of the reactor for both types of bacteria.  This 
similarity shows that there was a balance between the fermentative bacteria and the 
methanogens that was consistent throughout the reactor.  The most active bacteria were at the 
top of the reactor, while the least active were near the entrance of the influent.   
The addition of glucose to the influent allowed for greater degradation of more complex 
molecules.  Glucose was only added to the reactor when necessary.  It adds an additional cost to 
the treatment, but the benefits of the glucose are easily recognizable by comparing the two 
effluents.  
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The new PTA anaerobic wastewater treatment system addressed issues including 
sustainability, safety, cost, and manufacturability.  One of the greatest aspects of the new system 
is that it provides safe and convenient ways for maintenance to be performed on the system.  
This will increase the effectiveness of the system which will be seen directly by a reduction in 
the COD.  The system also allows the PTA plant to expand their production, because the fifth 
reactor can be used for non emergency situations.  The anaerobic reactors will not contain any 
media for which the bacteria to grow upon.  This will provide a significant reduction in the 
construction cost.  The anaerobic tanks will be constructed of concrete, which is an inexpensive 
material that is readily available in China.  The design of the reactors is simple, and therefore 
will not require the added expense of hiring an overseas contractor.  If the wastewater inside a 
reactor needs to be released in an emergency the environmental impact associated with this 
will be lessened, because of the smaller capacity of the reactors.    
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1 INTRODUCTION 
Industrial wastewater poses major environmental problem if released without 
treatment. For this reason, industrial wastewater is heavily regulated. Large volumes of water 
tainted with anthropogenic components can produce devastating effects on the environment 
and the organisms that make use of the water.  As human effects on the environment become a 
greater issue of concern and shortages of clean water become more common, environmental 
regulations are bound to get increasingly stricter.  New and more effective methods of removing 
dangerous compounds from water need to be developed.   
As an emerging industrial giant and with a population of over 1.3 billion, China has 
numerous reasons to make clean water a priority.  Although China is the fourth largest source of 
water in the world, its per capita consumption is only 25% of the global average because of its 
large population (Hernadez, 2001). The recent industrialization and growth of urban areas have 
created many pollution problems for China. A reduction in the availability of clean water will 
lead to a decrease in the quality of life for many people in China. In addition, industrial water 
consumption accounts for 20% of total water usage, and water shortages could potentially be a 
limiting factor for economic growth in China.   
 Purified terephthalic acid (PTA) is a component of concern that ends up in industrial 
wastewater in China.  PTA is processed into polyethylene terephthalate (PET) fibers or resins 
and used to make polyester, film, and beverage containers among other things (U.S. Department 
of Commerce International Trade Administration, 2005).  Limited research has been done to 
discover the effects of PTA on humans.  In studies performed on rats, acute exposure led to the 
formation of bladder stones, while chronic exposure led to more serious health concerns such as 
bladder and urinary tract cancers.  Almost all symptoms related to the ingestion of PTA resulted 
in problems confined to the urinary tract (Hernadez, 2001). 
Despite research into the removal of PTA from wastewater, in many places throughout 
the world, levels of PTA being released are still too high to meet environmental standards 
(Devotta, Dhodapkar, Khan, & Pophali, 2007).  Anaerobic and aerobic methods of treatment 
have been used, both having distinct advantages. The major advantage of aerobic treatment is 
that it requires a shorter start up period.  The start up of an anaerobic process generally takes 3 
to 8 months.  Anaerobic treatment offers a reduction in operating costs and a greater 
settleability of solids for removal.  Researchers are exploring the use of anaerobic pretreatment 
combined with a one stage activated sludge treatment.  This process could offer a lower 
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operating price as well as a greater removal of suspended solids, a lower biological oxygen 
demand (BOD), chemical oxygen demand (COD) and pH. 
In order to make anaerobic treatment more efficient the organic loading rate (OLR) 
must be increased and the startup time needs to be shortened. The OLR is an important 
indicator because it represents the treatment capacity of the reactor.  An OLR increase can be 
achieved come in two ways: by raising the influent flow rate or by increasing the influent 
concentration.  However, each of these methods poses a challenge. An increase of the influent 
flow rate can cause sludge washout, which will reduce the number of bacteria in the reactor, 
slowing the treatment process down.  An increase in the influent concentration can lead to a 
decrease in the pH, which can also reduce the number of bacteria present (Imai, Li, Ukita, Yuasa, 
& Zhou, 2007).  Therefore, anaerobic treatment requires a delicate balance to achieve optimal 
operating conditions.   
Research has been done to discover the optimal loading rate for the treatment process. 
Attempts at immobilizing the bacteria in high molecule materials in order to prevent washout 
and decrease startup time have been conducted, but little is known about the efficiency of 
bacteria under such conditions.  In this project I have monitored the immobilized bacteria 
during the start up period.  The bacteria were imbedded in cubes of high-molecule organic 
material.  The effect of running conditions, external carbon resource and nutrients on the 
bacteria was monitored.  The activity of the bacteria was assessed over the running period and 
the height of the reactor.  The effectiveness of adding glucose to the influent to degrade the 
constituents in the PTA wastewater was determined.  Through this analysis, the optimal 
running conditions for the reactor using the imbedded bacteria, the activity of the bacteria, and 
the effect of glucose on the degradation of the PTA wastewater were found.  By synthesizing this 
data it was found whether further efforts should be made toward the use of this immobilization 
technique.  
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2 BACKGROUND 
Examining the activity of immobilized bacteria during an anaerobic treatment process 
requires familiarity with a variety of factors.  The study of bacteria used in industrial 
wastewater treatment requires knowledge from multiple disciplines including biology, 
chemistry, and engineering.  This section of the report presents known information about 
anaerobic bacteria, wastewater treatment, and industrial chemicals, as well as other 
background material pertinent to the project. 
2.1 ANAEROBIC VS. AEROBIC TREATMENT 
Anaerobic wastewater treatment uses a complex consortium of microorganisms in the 
absence of dissolved oxygen to remove organic substances from wastewater (Woodard & 
Curran, 2006).   Anaerobic treatment of wastewater allows for many advantages over aerobic 
treatment (Speece, 1996).  Anaerobic treatment requires less energy input than aerobic 
treatment because there is no need for a supply of oxygen to be pumped into the reactor.  This is 
often the limiting step for aerobic treatment.  In addition, anaerobic treatment actually 
generates energy in the form of methane.  Estimations put the average amount of sludge 
produced by aerobic activity at ten times greater than those produced through the anaerobic 
process.  In addition, the sludge produced by aerobic treatment has to be stabilized in anaerobic 
sludge digesters before it can be disposed of (Hamelers, Lettinga, Seghezzo, van Liel, & Zeeman, 
1998).  When the conversion of organic matter to cell growth is considered, anaerobic 
metabolism is less efficient than aerobic processes. Therefore, more organic matter is used for 
energy and less for cell growth resulting in less sludge being produced (Woodard & Curran, 
2006).  Less sludge means a reduction in costs of dewatering and disposal of sludge.  Another 
cost saving advantage of anaerobic treatment is the simplicity of the reactors, which leads to 
limited maintenance and does not require highly skilled operators.  Good removal of 
contaminants can be achieved through the use of anaerobic processes (Hamelers, Lettinga, 
Seghezzo, van Liel, & Zeeman, 1998).  
Some of the disadvantages of anaerobic treatment that have been cited include the long 
start up time of the reactors due to the slow growth of the methanogenic organisms (Hamelers, 
Lettinga, Seghezzo, van Liel, & Zeeman, 1998).  The minimum reproduction time for methane 
formers is 3-5 days at 35°C.  New technologies have increased the speed of growth by 
promoting a greater surface to volume ratio which increases the active number of anaerobic 
bacteria (Woodard & Curran, 2006).  Hydrogen sulphide is released during anaerobic digestion 
which can lead to foul odors.   At low temperatures anaerobic digestion may happen very slowly 
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and therefore heat energy may need to be added, although this can be offset by the methane 
production.  With the use of anaerobic treatment there is sometimes the need for post-
treatment to meet environmental discharge regulations.  Post treatment removes nutrients, 
pathogens, and remaining organic matter (Speece, 1996).   
2.2 PARAMETERS RELATED TO RUNNING CONDITIONS 
In the treatment of wastewater it is important that certain parameters are understood, 
because they can provide indications on how well the treatment process is working.  These 
parameters include the measurement of pH, volatile fatty acids (VFAs), chemical oxygen 
demand (COD), hydraulic retention time (HRT), and organic loading rate (OLR). 
The pH is a measure of the hydrogen ion concentration in the water (Metcalf & Eddy, 
Inc., 1991).  A pH of 6.5-7.8 provides optimum operating conditions for the mesophilic bacteria 
(Daigger, G., Grady, L., Lim H., 1999).  The pH of PTA wastewater ranges from 2.0-3.0.  Often the 
pH of industrial wastewater varies over a large range due to varying production cycles.  It can 
be necessary to add an alkaline to adjust the pH of the wastewater.  Often times an equalization 
tank is used before treatment to help maintain a more stable pH.  The use of pH color changing 
paper and the comparison to a standard is a typical method of measuring the pH   
VFAs in anaerobic reactors are the product of hydrolysis and are consumed by the 
methanogens.  Examples of VFAs include acetic, propionic, and butyric acids.  An increase in the 
production of VFAs results in a decrease in pH.  When there is a small change in pH the VFAs can 
accumulate causing a greater change in pH and possible system failure.  Changes in the 
concentration of VFAs signify even the smallest changes that are happening to the bacteria 
within the system.    
The COD test measures the amount of organic matter in the wastewater (Metcalf & 
Eddy, Inc., 1991).  This is an important parameter that can help to assess the impact that the 
discharge of the wastewater will have on the environment.  If the change in COD of the 
wastewater influent and effluent is determined, than the percent reduction in COD can be found.  
This value is a good indicator of the efficiency of the reactor.  The COD is usually found using a 
titration method. 
The HRT is the amount of time that a soluble compound stays in a reactor for treatment.  
It is determined by the volume of the reactor divided by the influent flowrate as shown in 
Equation 1.  
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(Eq. 1) 
The HRT can be adjusted to by changing the influent flowrate.  A change in the HRT will also 
mean a change in the OLR.  
As stated in the introduction the OLR specifies the treatment capacity of the reactor. The 
COD of the influent is measured and used to determine the OLR of the reactor.  The COD of the 
influent multiplied by the flowrate divided by the volume of the reactor will give the OLR.   
 
 
(Eq. 2) 
These variables are indicators of the reactors performance and should be monitored during 
startup.     
2.3 ANAEROBIC BACTERIA 
Anaerobic metabolism is a three stage process.  In the first step hydrolysis takes place, 
in which the large, complex soluble and insoluble molecules are broken down into smaller 
molecules by extracellular enzymes associated with the fermentive microbes (He, Lüa, Shaoa, 
Wanga, & Zhanga, 2007).  In the second stage acetogenesis and acid formation take place.  Here, 
the end products from the hydrolysis are converted to organic acids (primarily acetic acid), 
hydrogen, and carbon dioxide.  Methanogenesis takes place in the final stage when acetic acid, 
hydrogen, and carbon dioxide are converted to methane through the reactions listed below. 
 
    
Hydrolysis is often the rate limiting step in the process.  The steps of anaerobic 
metabolism are shown in Figure 1.   
 
CH3COOH CH4 + CO2 
4H2 + CO2  CH4 + CO2 
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FIGURE 1: STEPS OF ANAEROBIC METABOLISM 
Adapted from: (Droste, 1997) 
 
For the anaerobic bacteria to convert the biomass a lengthy cell residence time must be 
established.  This can be achieved through four different methods: 
 Increase in hydraulic retention times 
 Solids separation in the effluent that is recycled back into the reactor  
 Growth of bacteria on fixed surfaces 
 Development of dense sludge blankets to holdup solids in the system. 
An increase in hydraulic retention time will lengthen the time that the microorganisms are in 
contact with the biomass.  Using sludge recycle will increase the number of bacteria in the 
reactor and therefore increase the efficiency.  Growth of bacteria on fixed film surfaces will 
increase surface to volume ratio of the bacteria and expose more bacteria to the biomass.  
Finally, dense sludge blankets slow the movement of the biomass and expose it to the bacteria 
for a greater period of time.  There are two types of methanogens which operate in anaerobic 
treatment; mesophilic and thermophilic.  Mesophilic bacteria are heartier and can react to 
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changes in their environment better than thermophilic bacteria.  The optimal operating 
temperature for mesophilic bacteria is 37°-41°C, while for thermophilic bacteria it is 50°-52°C.  
Thermophilic bacteria can withstand greater temperatures at which reactions take place faster.  
The use of either bacterium depends on the proposed operating conditions of the reactor.     
2.4 ANAEROBIC TREATMENT 
There are two types of anaerobic treatment systems; suspended growth and attached 
film growth (also known as fixed film systems).  Suspended growth systems are the most 
common type of anaerobic treatment.  In this system the microorganisms are kept suspended in 
the wastewater being treated.  In these systems the biomass gathers in granules or flocs and the 
microorganisms grow on the suspended material.  This is different from attached growth 
systems where a “packed bed” is used and the microorganisms grow on the packing material.  
These two systems as well as some of the current systems in use are explained in further detail 
below.     
2.4.1 SUSPENDED GROWTH SYSTEMS 
There are two major types of suspended growth treatment systems, the upward-flow 
anaerobic sludge bed and the expanded granular sludge bed reactors.  These reactors are sealed 
off from air and operate under the same design scheme.  They are discussed in further detail 
below.  
Upward-Flow Anaerobic Sludge Bed (UASB) Reactor 
In a UASB reactor microorganisms located in the sludge gather into flocs (Droste, 1997).   
These flocs make up granules that are 0.5 to 2.0 mm in diameter.  The granules are too heavy to 
flow over the weirs and form a dense suspended sludge blanket that increases the holdup of 
solids in the system.  Microorganisms that are not capable of attaching to each other flow out of 
the reactor.  The influent flow and the production of biogas produce turbulence that increases 
the microorganisms contact with the biomass and promotes the formation of granules.  Influent 
flows up through the bottom of the tank and comes in contact with the sludge blanket.  The 
microorganisms degrade the wastewater and biological gases are formed.  Some gases attach to 
the granules, wherein the gases and the granules then rise to the surface and hit the baffles 
(Metcalf & Eddy, Inc., 1991).  The baffles knock the granules off of the gases and the granules 
settle back down to the sludge blanket.  The gases are collected in a dome at the top of the 
reactor.  Figure 2 shows the process behind the UASB reactor. 
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FIGURE 2: THE UPWARD-FLOW ANAEROBIC SLUDGE BED (UASB) REACTOR CONCEPT 
Adapted from: (Field, 2002) 
 
Hydraulic retention times vary depending on the type of contaminants in the 
wastewater (Woodard & Curran, 2006).  There are some disadvantages associated with UASB 
reactors, although they are the most widely used anaerobic treatment systems.  Fluctuations in 
the composition of the influent or in the operating conditions can lead to problems with granule 
disintegration, sludge blanket instability, biomass washout, and acidification.  Also, the water 
treated by these systems often needs secondary treatment to meet environmental discharge 
standards (Nema & Tare, 2003).     
Expanded Granular Sludge Bed (EGSB) Reactor 
 The EGSB reactor is based on the same design principles as the UASB reactor.  A sludge 
blanket is still used, but the velocity of the wastewater is increased (Hamelers, Lettinga, 
Seghezzo, van Liel, & Zeeman, 1998).  To increase the flow a greater height/diameter ratio of the 
reactor is used and high effluent recycle is maintained.  The high hydraulic and organic loads 
increase the efficiency of the reactor.  Refer to Figure 3 for a schematic of EGSB operations.  The 
advantages of this design over the UASB reactor is a greater granule-wastewater contact, 
because of the high velocity that fluidizes the sludge bed.    
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FIGURE 3: THE EXPANDED GRANULAR SLUDGE BED (EGSB) REACTOR CONCEPT 
Adapted from: (Field, 2002) 
As stated previously, suspended growth systems make up the majority of anaerobic 
systems that are in use.  Fixed film systems are also important to understand especially when 
considering immobilization techniques for anaerobic bacteria.   
2.4.2 FIXED FILM SYSTEMS 
The basic design of a fixed film system utilizes fixed plastic media on which anaerobic 
microorganisms grow (Environmental Protection Agency, 2006).  The plastic media is 
completely submerged in the wastewater, which can flow in either direction.  The media 
provides a large surface are for the bacteria to grow on and reduces the chances of washout.  
The bacteria grow over the plastic media in what is called a biofilm.  Many bacteria are able to 
grow in a small space reducing the volume of the reactor and decreasing the hydraulic retention 
time (HRT) needed to treat the wastewater.  As with the suspended growth systems the bacteria 
produce methane that can be collected and used as an energy source.  Fixed film systems have 
average hydraulic retention times of 3-5 days (Droste, 1997).  The type of system that is best 
suited for the treatment depends on the constituents in the wastewater.      
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2.5 PURIFIED TEREPHTHALIC ACID (PTA) 
Purified terephthalic acid or 1,4-benzenedicarboxylic acid is used in the manufacturing 
of polyester products such as polyester fiber, polyester film and polyethylene terephthalate 
(PET) containers (Kirk & Othmer, 2000).  The majority of the PTA produced in China goes to the 
production of polyester fiber.  To reduce importation costs China is increasing their capacity to 
produce their own PTA (Tremblay, 2004).       
2.5.1 PRODUCTION 
The production of PTA is a multi-step process. It begins when para-xylene is oxidized by 
air in acetic acid using the catalysts such as cobalt (Co+2) and manganese (Mn+2) combined with 
a bromide promoter (Devotta, Dhodapkar, Khan, & Pophali, 2007).   The reaction is shown in      
Figure 4.  
 
FIGURE 4: OXIDATION OF P-XYLENE IN THE PRODUCTION OF PTA 
Source: (Devotta, Dhodapkar, Khan, & Pophali, 2007) 
 
 This forms crude terephthalic acid (CTA) that is typically greater than 99% pure, but requires 
further purification to produce the desired products.  There are strict standards for polymer 
grade terephthalic acid and it must be of a certain quality to properly polymerize.   A schematic 
of the process to produce CTA is shown in Figure 5.    
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FIGURE 5: TEREPHTHALIC ACID PRODUCTION BY CATALYTIC, LIQUID-PHASE AIR OXIDATION OF P-
XYLENE 
Source: (Kirk & Othmer, 2000) 
 
The CTA is then crystallized so that when filtered and distilled the catalysts and acetic 
acid are removed or recycled.  The CTA is dissolved in water to produce 4-carboxyl 
benzaldehyde and with the presence of a lead catalyst converted to para-toluic acid.  The para-
toluic acid is then oxidized to form PTA.  The impurities that are removed as well as the final 
step to PTA are shown in Figure 6. 
 
FIGURE 6: IMPURITIES (TOP) AND PURIFICATION (BELOW) OF CTA TO FORM THE DESIRED PTA 
Source: (Devotta, Dhodapkar, Khan, & Pophali, 2007) 
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The PTA is dried forming a white powder.  It is important to note that water is used for 
the distillation of CTA, recovery of the catalysts, cleaning and washing water, and PTA scrubbing 
water during the production of PTA.   
2.5.2 CURRENT TREATMENT SYSTEMS 
The current treatment process for the PTA wastewater from the Yangzi Petrochemical 
Company includes two anaerobic filters running in parallel followed by a two-stage aerobic 
treatment process.  Prior to the anaerobic treatment an equalization tank is utilized to control 
the variance of the influent loading.  Treated effluent is also pumped into the tank to dilute the 
influent.  A schematic of the system is shown in Figure 7 and actually photos of the plant are 
shown below.   
 
 
FIGURE 7: CURRENT DESIGN OF PTA WASTEWATER TREATMENT PLANT AT YANGZI PETROCHEMICAL 
COMPANY IN NANJING, CHINA 
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FIGURE 8: EQUALIZATION TANK AT YANGZI PETROCHEMICAL COMPANY WASTEWATER PLANT IN 
NANJING, CHINA 
 
 
FIGURE 9: ANAEROBIC FILTER AT YANGZI PETROCHEMICAL COMPANY WASTEWATER PLANT IN 
NANJING, CHINA 
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FIGURE 10: PRIMARY SETTLING TANK AT YANGZI PETROCHEMICAL COMPANY WASTEWATER PLANT 
IN NANJING, CHINA 
 
FIGURE 11: PRIMARY AERATION TANK AT YANGZI PETROCHEMICAL COMPANY WASTEWATER PLANT 
IN NANJING, CHINA 
The anaerobic filters currently utilize the plastic media shown in Figure 12 for the 
bacteria to grow on.  It has been found that during the first few years of use, the plastic media 
helped the treatment process to achieve high COD removal rates of about 80%.  As time has 
15 
 
progressed, the buildup of sludge on the media has started to inhibit the bacteria and the COD 
removal rate has dropped to 50%.   
 
 
FIGURE 12: MEDIA USED IN ANAEROBIC FILTERS AT YANGZI PETROCHEMICAL COMPANY 
WASTEWATER PLANT IN NANJING, CHINA 
 
Currently, the two anaerobic filters are identical and have a combined volume of 16,000 
cubic meters.   The interior diameter of each filter is 34.6 meters and the height is 8.5 meters.  
The hydraulic retention time is approximately 80 hours. The average wastewater flow rate into 
the equalization tanks is 280 m3/hr.  The primary aerobic treatment tank has a volume of 4480 
cubic meters, while the secondary tank has a volume of 10,000 cubic meters.  The aerobic 
treatment system used is a subsurface treatment, where oxygen is put into the system through 
subsurface diffusers.   
2.6 BACKGROUND CONCLUSIONS 
There are a wide variety of considerations to be made when determining a treatment 
system for industrial wastewater.  To make an informed assessment about the type of system 
that should be used, it is imperative to understand the constituents in the wastewater, the 
fluctuations in the wastewater quantity and chemistry, and the types of treatment systems that 
are available.  This project focuses on the potential of using immobilized bacteria for anaerobic 
treatment of PTA wastewater, while also looking at methods for degrading the harmful 
constituents in the wastewater.  Implementation of this system could provide a more effective 
and stable treatment of PTA wastewater 
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The information presented in this section, is the foundation from which I have 
proceeded into my research.  My research methodology is presented in the following chapter.
17 
 
3 METHODOLOGY 
This section explains the steps used to collect and synthesize data during the experiment.  
My research took place in the Water Treatment and Membrane Separation Lab at the School of 
Environmental Science and Engineering, Shanghai Jiao Tong University (SJTU), from October 27th to 
December 19th of 2008.  Due to the slow growth of anaerobic bacteria, some of the data collected for 
the project was done prior to my arrival at SJTU by Professor Weili Zhou and masters student, 
Bingtao Wu.  Although I was unable to collect the data due to time constraints, I did perform a 14 
day reactor run during which I replicated the steps they took to run the reactor, sample the pH, 
determine the COD and VFA concentrations, and prepare the GC-MS samples. The objectives of the 
project were to find the optimal running conditions for the UASB reactor, determine the activity of 
the immobilized bacteria, and to compare the major constituents found in the wastewater to those 
in the influent.  The research focuses on three objectives and the methodology is divided into these 
sections accordingly  
3.1 RUNNING PERFORMANCE OF UASB REACTOR 
Prior to the work on this project, but in the scope of the experiment an upflow anaerobic 
reactor was run and data was recorded over 137 days by Professor Weili Zhou and Bingtao Wu.  
The following datum was recorded in order to determine the efficiency of the reactor: volume of 
influent, pH of the influent, pH of the effluent, and the flowrate.     
The reactor was seeded with sludge taken from the fiber industry and diluted PTA 
wastewater was used as the influent.  The PTA wastewater used in the reactor was water 
discharged during the purification process at Yizheng Petrochemical Company.  To the influent 
nutrients such as nitrogen (N), phosphorous (P), sulfur (S), iron (Fe), cobalt (Co), magnesium (Mg), 
and nickel (Ni), were added to stimulate bacterial growth.  A bicarbonate buffer, sodium 
bicarbonate (NaHCO3) was added to increase the pH of the PTA wastewater.  The reactor set up is 
shown in Figure 13.   
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FIGURE 13: REACTOR SETUP 
Surrounding the reactor was a water jacket that was kept at 38°C.  From the figure, it can be seen 
that nutrients and an alkali mixed with the influent and then pumped into the reactor.  The methane 
coming off the reactor was treated with ferric acid to absorb the hydrogen sulfide and then 
released.  The volume of the reactor was found to be 16 liters and the interior diameter was 
110mm.  A photograph of the reactor is shown in Figure 14.   
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FIGURE 14: LOCATION OF PORTS ALONG REACTOR 
 On the left side of the reactor in Figure 14, the different ports from which the samples were 
withdrawn are shown.  Port #1 was located 10 cm above the influent pipe and each subsequent 
port was located 10 cm above the previous one.  Port #4 was located at 40 cm and #7 was located 
at 70 cm.  The total height of the reactor was 1.7 meters.  The measurement of COD and VFAs was 
performed daily for 137 days to monitor the running conditions of the start up period.  For the first 
61 days the PTA wastewater influent was diluted according to the COD removal rate.  Because PTA 
wastewater contains large amounts of refractory materials that are difficult to degrade, glucose was 
added as needed.  It was assumed that all glucose was degraded completely so that residue COD 
was from the PTA wastewater.  Over time, the COD removal rate increased and the PTA was diluted 
less each day.  From the 62nd day on the PTA was no longer diluted.    
Seven samples were collected from the reactor, four of the samples were taken at different 
times during the run period and three of the samples were taken from different heights on the 
reactor column.  The samples were then frozen.  In order to gain a further understanding of the data 
collection process, I operated the reactor for 14 days.  During this time I collected samples daily to 
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perform COD and VFA testing on.  The influent I used to replicate the reactor run consisted of the 
glucose substrate found in Table 1 diluted to 5000 mg COD/L.   
3.1.1 MEASUREMENT OF VOLATILE FATTY ACIDS (VFA) 
Measurement of the concentration of volatile fatty acids was performed daily during the 
137 day reactor run time.  To begin this procedure 100 mL of effluent was put into an Erlenmeyer 
flask.  The pH of the effluent was checked using pH test paper and recorded.  Approximately 2 mL of 
1.0 molar sodium hydroxide (NaOH) was added to the flask.  The flask was placed on a heating 
plate.  One end of a cooling tube, with water flowing through the outer layer, was attached to the 
top of the flask.  The other end of the cooling tube was submerged in a beaker of deionized water.  
Figure 15 shows the setup of this procedure.     
 
FIGURE 15: SETUP OF VFA CONCENTRATION PROCEDURE 
The effluent mixture was boiled until approximately 20 mL was left and then cooled.  To the flask, 
80mL of deionized water and 10 mL of 10% phosphoric acid (H3PO4) were added.  The collection 
beaker was emptied and refilled with deionized water.  The effluent mixture was boiled again until 
approximately 20 mL remained in the flask.  The flask was removed from the heating plate and 15 
mL of deionized water was added to the effluent mixture.  To the collection beaker 2-4 drops of 
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phenophaline were added.  The collection beaker was titrated with 0.1 molar sodium hydroxide 
(NaOH).  The beaker with the titrated solution was placed back at the end of the cooling tube and 
the flask was reheated until approximately 10 mL of the effluent mixture remained.  The solution in 
the collection beaker was titrated again.  The amount of sodium hydroxide (NaOH) used in each 
titration were added together to represent the volume of sodium hydroxide (NaOH) used in 
titration.  The following equation was used to determine the concentration of volatile fatty acids.     
 
(Eq. 3) 
In this equation  represents the volume of NaOH used for titration, while 0.1 mol/L is the 
concentration of the NaOH used for titration.  The initial volume of the sample, 100 mL, is 
represented by .  
3.1.2 MEASUREMENT OF CHEMICAL OXYGEN DEMAND (COD) 
The effluent collected from the reactor was diluted so that the COD was in the range of 70-
700 mg/L.  Diluted effluent samples of 10 mL were placed in a glass tube.  The blank was prepared 
using 10 mL of deionized water in a separate glass tube.  To the samples, 5mL of 0.25 molar 
potassium dichromate (K2Cr2O7) and 15 mL of 10g/L silver sulfate-sulferic acid solution (AgSO4-
H2SO4) were added.  Boiling beads were added to the glass tubes to protect them from breaking 
during heating.  Geiser burettes were placed over the glass tubes and heated in the AC-10 COD 
Dissolving Instrument (Qingdao Ailun Chromotograph Corporation, LTD).  The samples were 
heated for two hours.  Deionized water was used to wash the inside of the geiser burettes and the 
samples were cooled.  Once the samples were cooled the geiser burettes was removed and the 
samples were transferred to 250 mL flasks.  The glass tubes were rinsed three times with deionzed 
water that was added to the sample in the flask.  2-4 drops of phenanthroline (C12H8N2-H20) 
indicator were added to the samples.  A burette was filled with 0.05 molar ammonium iron (II) 
sulfate hexahydrate (Fe(NO4)2SO4) and titration was performed until the samples turned a reddish-
brown color.  The volume in the burette was recorded.  The following equation was used to 
determine the COD.   
 
(Eq. 4) 
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In Equation 4,  is the volume of ammonium iron (II) sulfate hexahydrate (Fe(NO4)2SO4) used 
during titration of the blank.  The volume of ammonium iron (II) sulfate hexahydrate (Fe(NO4)2SO4) 
used in the titration of the sample is represented by .   The value of  is the concentration of 
ammonium iron (II) sulfate hexahydrate (Fe(NO4)2SO4) which in this case is equal to 0.05 mol/L.  
Equation 4 will result in the COD value for the diluted effluent; therefore the COD found using this 
equation must be multiplied by the dilution factor to determine the final COD.     
3.2 ACTIVITY OF IMMOBILIZED BACTERIA 
The activity tests were performed by Professor Weili Zhou, students Tingting Guo and 
Xiaoyi Wu, and me.  Measuring the activity of the immobilized bacteria required looking at both the 
fermentation and methanogenesis.  Both of these studies involved a multi-stage process.  For the 
fermentation measurement the bacteria were prepared with a glucose substrate.  After this took 
place the glucose analysis was performed.  For the methanogenesis measurement, an acetic acid 
substrate was added to the bacteria and a later analysis of the acetic acid was performed.  The 
procedures used are described in greater detail through out section 3.2. 
3.2.1 PREPARING SAMPLES WITH GLUCOSE SUBSTRATE   
The seven samples collected from the reactor where divided into a group of five and a group 
of two.  Five of the samples dated 08.03.11, 08.06.10, 08.07.16 (2), and 08.07.25 were taken from 
the freezer and thawed at room temperature.  To achieve a COD of 10,000 mg/L, a substrate was 
added to the samples.  The substrate contained the following components:  
TABLE 1: COMPOSITION OF SUBSTRATE CONTAINING GLUCOSE 
Glucose 9.4 (g/L) 
NaHCO3 4.0 (g/L) 
K2HPO4 4.0 (g/L) 
Yeast 0.1 (g/L) 
Mixture A 2.0 (mL/L) 
Mixture B 10.0 (mL/L) 
Mixture C 1.0 (mL/L) 
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TABLE 2: FURTHER COMPOSITION OF SUBSTRATE MIXTURES 
Mixture A (NH4)2HPO4 350 (g/L) 
Mixture B KCl 75 (g/L) 
 MgCl26H2O 81 (g/L) 
 NH4Cl 85 (g/L) 
 MgSO47H2O 25 (g/L) 
 FeCl36H2O 42 (g/L) 
 CoCl26H2O 1.8 (g/L) 
Mixture C CaCl26H2O 150 (g/L) 
 
The substrate was made and diluted fifty times.  From each reactor sample 48 high density cubes 
were put into a serum bottle and 75mL of the diluted substrate was added.  The two samples dated 
08.07.17 were combined in order to obtain 48 high density cubes.  The samples were then labeled 
with the date the sample was taken, the date they were prepared and the letters “glu” to signify that 
glucose had been added.  The tops were sealed with a rubber stopper, tape and wire.  Nitrogen gas 
was pumped into the samples and air was allowed to escape through a needle puncturing the 
rubber stopper.  Using a syringe 0.375 mL of nitrogen sulfide was injected into each of the four 
samples.  The samples were placed in the SHZ-88 Reciprocating Waterbath Constant Temperature 
Shaker, as shown in Figure 16 at 36 degrees Celsius and 100 shakes/minute. 
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FIGURE 16: SHZ-88 RECIPROCATING WATERBATH CONSTANT TEMPERATURE SHAKER 
The samples were left in the machine for six days. The samples were then removed from the shaker 
and 8.35 mL of undiluted substrate was added each sample.  At specified time intervals 2 mL of 
nitrogen gas was added to the sample that was then mixed.  A 2mL sample was then immediately 
drawn from the sample using a syringe, placed in a test tube and labeled with the original sample 
date and the sample number.  The sample was then placed back into the shaker until the next 
sample was to be taken.  The 2mL sample was placed in the TGL-16G centrifuge (Tai Shi Li Xin Ji) 
for 10 minutes at a speed of 6 to remove the sludge.  The 2mL sample was removed from the 
centrifuge, transferred to a new container and frozen.  This process was repeated 11 times for each 
of the four samples.   The other samples, both dated 08.08.16 (#4) and 08.08.16 (#7) were 
prepared in the same manner.  These samples were taken from different heights on the reactor; the 
#4 and #7 sample levels respectively.  They were processed at a later date than the other samples, 
because six samples may have proved difficult to handle all at once.     
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3.2.2 CONDUCTING GLUCOSE ANALYSIS 
A reaction mixture was made using the following proportion of compounds shown in Table 
3. 
TABLE 3: REACTION MIXTURE FOR GLUCOSE ANALYSIS 
CH3COOH 459.25 mL 
C7H9N 25.44 mL 
H3BO3 0.59 g 
Distilled Water 40.16 mL 
Since 22 samples were analyzed at one time, and each sample required 5 mL of the reaction 
mixture, 150 mL of the reaction mixture was made.  The remaining mixture was used to make the 
glucose standard.  A 3000 mg/L glucose standard was made and diluted into a series containing 
2000, 1000, 500, 250, 125, and 50 mg/L of glucose.  To test tubes, 100 µL of a sample or the 
standard and 5 mL of the reaction mixture were added.  The test tubes were placed in boiling water 
for 8 minutes and then removed.  Using the Leng Guag 752 spectrophotometer at a wavelength of 
620 nm, the absorption was measured and recorded for each sample and standard.  The absorption 
of the standard was plotted on a graph vs. the concentration.  The equation of a linear trend line 
was found and was used to determine the concentration of the samples given the absorption.  Using 
the relationship between glucose and oxygen the concentration of COD can be found.    
C6H12O6 + 6O2 6H2O + 6CO2 
COD was plotted vs. time to show the running conditions of the reactor.  The slope of this line was 
the maximum speed of the activity of the bacteria.      
3.2.3 PREPARING SAMPLES WITH ACETIC ACID SUBSTRATE 
After the glucose analysis was performed the samples were prepared with a substrate containing 
acetic acid.  The substrate contained the components listed in Table 2 and Table 4  and a batch with 
a volume of 100 mL was made.    
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TABLE 4: COMPOSITION OF SUBSTRATE CONTAINING ACETIC ACID 
Acetic Acid 0.896 (g/L) 
NaHCO3 0.4 (g/L) 
K2HPO4 0.4 (g/L) 
Yeast 0.01 (g/L) 
Mixture A 0.2 (mL/L) 
Mixture B 1.0 (mL/L) 
Mixture C 0.1 (mL/L) 
The samples were removed from the shaker.  Nitrogen gas was injected into the samples and the 
biogas was allowed to escape.  The samples were injected with 8.35 mL of the substrate and shaken 
until completely mixed.  Before returning the samples to the shaker a 3mL of liquid was withdrawn 
and transferred to a test tube. The 3mL sample was placed in the TGL-16G centrifuge (Tai Shi Li Xin 
Ji) for 10 minutes at a speed of 6 to remove the sludge.  The 3mL sample was removed from the 
centrifuge, transferred to a new container and frozen.  Further samples were taken when enough 
biogas was produced.  If 1-2mL of biogas was produced a sample was not taken.  When 2-3mL of 
biogas was produced, the amount of biogas that was produced was the same value as the sample 
taken.  When 3mL or greater of sample was produced a 3mL sample was taken and the excess 
biogas was removed.  Each time a sample was taken the date, time, gas production value, and 
sample number were recorded.  The sample was centrifuged for 10 minutes, transferred to a new 
container, and then frozen.  When the samples no longer produced biogas, about one week, no more 
samples were collected.   
3.2.4 CONDUCTING ACETIC ACID ANALYSIS 
 The samples were analyzed using the GC14 Gas Chromatography Machine (Shimadzu) 
equipped with the flame ionization detector(gas column at 140°C, injection temperature 250 °C).  A 
standard sample was prepared using equal amounts of 0.2 mg/L hydrochloric acid (HCl) and a 
mixture of 2000 mg COD/L acetic acid (C2H4O2), 1000 mg COD/L propionic acid (C3H6O2), and 1000 
mg COD/L butyric acid (C4H8O2).   A microsyringe was used to measure out 1.0 μL of the standard 
sample and 0.5 μL of air.  The standard was injected into the sampler hole and the data was 
recorded by the computer over ten minutes.  This was repeated multiple times for the standard and 
an average of the data was used in calculations.  The other samples were prepared using the same 
method as the standard.  The COD was found using the ratio of the acetic acid peak area of the 
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standard multiplied by the standard concentration (2000 mg COD/L acetic acid), to the peak area of 
the sample.  The relationship between acetic acid and oxygen is shown below.   
C2H4O2 + 2O2 2H2O + 2CO2 
The COD was plotted vs. the time for each sample, with the slope representing the maximum 
activity speed of the bacteria.   
3.3 MAJOR WASTEWATER CONSTITUENTS 
For gas chromatography-mass spectroscopy (GS-MS) analysis the 100 mL wastewater samples 
were first extracted with dichloromethane, then dewatered with dry sodium sulphate, condensed 
into 1 mL, and finally analyzed with AutoSystem XL GC/TurboMass MS (Perkin Elmer, US).  The 
chromatograph was equipped with a DB-5MS fused silica capillary column, 20m in length, 0.25 mm 
internal diameter and 0.25 m film thickness.  The chromatographic elution was temperature 
programmed as follows: isothermal at 60°C for 2 minutes, then from 60°C to 280°C at a rate of 
10°C/min, and isothermal hold at 280°C for 16 minutes.  The carrier gas was nitrogen with a 
constant flow of 1.0 mL/min.  The split/splitless injector was used in splitless mode and its 
temperature was maintained at 280°C.  1.0 l of the sample was injected each time.  Mass spectra 
were acquired under electron ionization mode (EI) at 70 eV and recorded from m/z 33 to 500 at 
one cycle/second after a 4 minute solvent delay.  The chromatographic peaks were identified by 
either direct analysis of the mass spectrum and/or comparison with two reference mass spectral 
libraries utilized through the program Turbomass Version 4.1.1.  The two libraries associated with 
this program were U.S. National Institute of Standards and Technology, NIST 98, and Wiley Registry 
7.0. 
 The samples were prepared by Professor Weili Zhou and Bingtao Wu.  The identification of 
the chromatographic peaks for the PTA raw wastewater was performed by Bingtao Wu.  I 
performed the identification of the chromatographic peaks for the wastewater containing glucose 
and the wastewater without glucose, as well as the subsequent comparison. 
3.4 DESIGN OF WASTEWATER TREATMENT SYSTEM 
To understand the wastewater treatment system currently in use at Yangzi Petrochemical 
Company, I toured the facilities at their Nanjing, China location.  The tour was led by STJU student, 
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Cheng Xuehang, who is familiar with their setup.  The information gathered from this field trip were 
combined with the data collected from the UASB reactor to create a design that had a greater COD 
removal rate, a solution to the problem of sludge buildup upon the media, a reduction in blockage 
issues that occur in the pipes, inorganic accumulation and cost.   The costs of the treatment plants 
were determined using a variety of different cost estimating tools.  The program CAPCOST was used 
to estimate the cost of the tank construction for the anaerobic and aerobic treatment, equalization 
tanks, and sedimentation tanks.  The bare module cost was used, because it takes into account 
additional expenses such as materials used for installation, installation costs, labor, insurance, and 
taxes.  The annual Chemical Engineering Plant Cost Index (CEPCI) for 2007 was used for 
calculations.  The cost of the anaerobic media was taken to be USD$100/m3 of the tank volume 
(Hernande, Olguín, & Sanchez, 2000).  It was determined that up to 65% of energy costs will be 
related to the aeration basins (Environmental Protection Agency, 1999).  The sizes of the pumps 
were an average of recommendations from the environmental protection agency and a treatment 
system currently in use.  The costs of the pumps and drives were found using the cost curves from 
the CAPCOST program (Bailie, Shaeiwitz, Turton, & Whiting, 1998).   The present day cost of the 
pumps was determined using the CECPI for 2007 and the following equation: 
Purchased Cost at t2 = (Purchased cost at t1)(Index2/Index1) 
          (Eq.6) 
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4 RESULTS  
            In this section the data collected about operating conditions of the reactor, the subsequent 
activity tests, and the GC-MS analysis of the wastewater will be discussed.  Also, the preliminary 
design of a new PTA wastewater treatment plant will be presented.   
4.1 RUNNING PERFORMANCE OF UASB REACTOR 
The analysis of the UASB reactor is broken into four sections.  Section 4.1.1 discusses the 
analysis of the PTA wastewater used in the UASB reactor.  The second section is the analysis of the 
running conditions and includes data related to the organic loading rate, the hydraulic retention 
time, and the pH.  Following this, the results of the VFA and COD analyses are presented. .  The 
preliminary synthesis of this data was performed by Bingtao Wu and I have omitted and/or added 
to his results and conclusions based on my understanding of the objectives.   
4.1.1 ANALYSIS OF PTA WASTEWATER 
The PTA wastewater was analyzed before it was used in the reactor to develop a benchmark 
from which the treated effluent could be compared.  Table 5 provides an overview of the PTA 
influent used in the anaerobic reactor.   
TABLE 5: MAIN WATER INDEX AND ANALYSIS OF PTA WASTEWATER 
Item Average Value Analysis Method 
COD (mg/L) 5900-7800 Standard potassium dichromate method 
BOD5 (mg/L) 4100-5200 Dilution multiple method 
Temperature (°C) 35-40 Thermometer 
pH 5.5-6.5 pH test paper 
T-N (mg/L) 0.30-2.17 Calorimetry 
SS (mg/L) 188 Standard method 
VSS (mg/L) 106 Standard method 
Mn (mg/L) 14-20 Atomic absorption 
Co(mg/L) 15-25 Atomic absorption 
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The pH value listed in the table is before the alkaline was added.  From the table it can be noted that 
the PTA wastewater has high COD and low pH value.  The temperature given for the PTA 
wastewater is in the ideal range for the growth of the sensitive mesophilic bacteria 
4.1.2 RUNNING CONDITIONS 
The running conditions of the reactor are given in Table 6.  The notes section in the table 
provides information on the amount of glucose added and changes made to the substrate.  These 
changes refer to the addition of nutrients in the form of Mixture B.  Supplementary data can be 
found in Appendix B.   
TABLE 6: RUNNING CONDITIONS OF REACTOR 
Time      
(d)  
Influent 
COD (mg/L)  
Flow Rate 
(L/d)  
HRT         
(d)  
OLR 
(kgCOD/m3/d)  
Notes 
1-12 1950 4.7～7.0 2.3～3.8 0.57～0.94   
13-27  2000 4.4～4.9 3.5～4.1 0.55～0.68 On 24th day liquid B doubled 
28-36  3000 4.5～4.8 3.5～3.8 0.84～0.90 1000mg/L COD from glucose, liquid 
B doubled 
37-40  4000 3.9～5.0 3.4～4.3 0.98～1.25 1000mg/L COD from glucose, liquid 
B doubled 
41-52  5000 3.4～6.4 3.0～5.0 1.06～2.01 1000mg/L COD from glucose 
53-61  5500 4.0～4.6 3.7～4.2 1.38～1.57 1500mg/L COD from glucose 
62-70  7550 3.9～4.8 3.5～4.3 1.83～2.29 1500mg/L COD from glucose 
71-75  7092 4.1～7.6 3.6～4.1 1.84～3.38 1500mg/L COD from glucose 
76-80  8693 3.6～5.2 3.3～4.8 1.93～2.83 2000mg/L COD from glucose 
81-87 8354 3.5～5.0 3.4～4.9 1.81～2.62 2000mg/LCOD from glucose the 
85th day of liquid B doubled 
88-91 8374 4.5～5.0 3.2～5.6 2.35～2.40   
92-95 6777 4.6～5.0 3.2～3.5 1.95～2.13 1000mg/L COD from glucose, liquid 
B doubled 
96-100 6936 3.9～4.8 3.4～4.1 1.70～2.06   
101-105 8350 4.3～6.4 3.1～3.8 2.22～3.37   
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Time      
(d)  
Influent 
COD (mg/L)  
Flow Rate 
(L/d)  
HRT         
(d)  
OLR 
(kgCOD/m3/d)  
Notes 
106-115 7396 4.7～5.4 3.1～3.4 2.21～2.46 No glucose added, liquid B doubled 
116-120 8167 5.2～6.0 2.7～3.1 2.67～2.96   
121-126 6534 5.0～6.2 2.6～3.2 2.06～2.51   
127-130 6300 7.0～7.9 2.1～2.3 2.77～3.10   
131-132 7260 6.3～7.8 2.1～2.5 2.87～3.54   
133-137 8032 6.3～6.5 2.5～2.6 3.16～3.24   
The pH value during the running of the anaerobic reactor is an important indicator of the efficiency 
of the reactor.  The pH of the influent and effluent was recorded over the 138 day running period.  
For good growth of both fermentative bacteria and methanogens the pH level should be from 6.5-
7.8 for anaerobic treatment.  As stated in Section 2.3 the fermentative bacteria are more adaptable 
to the pH value and grow well at a pH value of 5.0-8.5.  The methanogens are more sensitive to the 
pH value and require a value in the range of 6.5-7.8.    Figure 17 shows the influent and 
effluent pH over the running period.  
 
  FIGURE 17: INFLUENT AND EFFLUENT PH 
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To maintain the pH at a proper level it was necessary to add an alkaline.  In this case sodium 
bicarbonate was added (0.68 g/L NaHCO3) to maintain the alkalinity in the range of 3000-4000 
mg/L and the pH in the range of 6.5-7.8.  During the first 20 days of running the pH of the effluent 
remained above 8.0.  The average pH was 7.7, with a range of 7.1-8.4.  For 24 data readings the pH 
level was out of the ideal range for the methanogens, and 21 of these occurred during the initial 21 
readings.  The effluent pH remained adequately stable after this initial period. The average pH of 
the influent was 7.09 and the range was from 6.0-7.4. 
4.1.3 VOLATILE FATTY ACIDS 
The concentration of VFAs in the effluent is considered to be an important parameter.  It is 
useful because the analysis of the VFAs is more rapid than other indicators such as the COD.  Also, 
the value is sensitive and can reflect small changes taking place within the reactor. Ideally the 
concentration of VFA will be less than 200 mg HAc/L.  At this point all of the VFAs are being 
consumed by the methanogens.  A pH, temperature, or toxic load fluctuation will result in an 
increase of the VFA concentration.  An increase in the pH will result in a decrease of the VFAs, but a 
change in pH happens more slowly than a change in the VFA concentration.  For example the VFA 
value can be several times larger than the previous measurement, but there will be no change in the 
pH value.   
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FIGURE 18: VOLATILE FATTY ACIDS IN EFFLUENT 
As seen in Figure 18, the VFA concentration became more stable during the last few weeks 
of the reactor run time.  Although the VFA value was often above the ideal 200 mg HAc/L, it only 
fluctuated to a slightly higher level.  The VFAs were measured using the titration method.   The 
value of the VFAs is reflected by the amount of acetic acid, propionic acid, and butyric acid in the 
effluent.  It is possible that by using this method, the heat only reached the boiling point of the 
acetic acid (118.1°C) and not that of the propionic  or butyric acids (164°C and 141°C, respectively).  
The value of the reported VFAs may only be those gathered from the acetic acid.  Ideally, gas 
chromatography would be used to determine the VFA concentration in this experiment. 
4.1.3 CHEMICAL OXYGEN DEMAND 
During the running period samples of the effluent were taken daily and COD tests 
performed.  Figure 19 shows the COD concentration for the influent and the effluent.   
0
200
400
600
800
1000
0 20 40 60 80 100 120 140 
V
FA
 (
m
g/
L)
Time (days)
Volatile Fatty Acids in Effluent
34 
 
 
FIGURE 19: INFLUENT AND EFFLUENT COD 
PTA is difficult to degrade because it contains many refractory materials.  Glucose was 
added to help degrade these materials, but only when necessary.  Adding glucose may give the 
appearance of more COD removal than there actually is.  Therefore, it is assumed that the glucose is 
completely degraded and the residue COD is from the PTA wastewater.  The results of the COD 
removal are given in Table 7.  This table presents the removal of COD, taking into consideration the 
addition of glucose.  The reactor reached removal rates of up to 86% for the PTA COD.    
TABLE 7: PERFORMANCE OF PTA WASTEWATER DEGREDATION 
Time            
(d) 
Influent COD (mg/L)  
PTA COD Glucose COD 
COD 
removal  
Residue 
COD (mg/L) 
PTA COD 
Removal (%) 
13-27 2889 0 0.45 1589 45 
28-36 2000 1000 0.76 480 76 
37-40 2750 1000 0.76 660 76 
41-52 3917 1000 0.71 1136 71 
53-61 3938 1500 0.83 669 83 
62-75 5751 1500 0.75 1438 75 
76-91 6350 2000 0.79 1334 79 
92-100 5857 1000 0.69 1816 69 
101-105 7350 1000 0.72 2058 72 
106-115 7396 0 0.71 2145 71 
116-120 8061 0 0.86 1129 86 
121-130 6430 0 0.65 2251 65 
131-137 7811 0 0.55 3515 55 
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Figure 20 shows a graph of the removal over time, and provides a visual of the performance of the 
reactor.     
  
FIGURE 20: PERCENTAGE OF COD REMOVED 
For the initial 13 days the effluent quality was poor.  The influent was diluted according as 
shown in Table 6.  In a few instances the effluent COD was actually higher than the influent COD due 
to the low activity of the sludge.  Beginning on the 14th day the removal rate increased slowly, 
indicating that the bacteria had begun to adapt to the reactor and the wastewater.  By day 17 the 
removal rate was at 50% and stayed steady for a period of time.   Glucose was added to improve the 
degradation performance and the COD removal rate went up to 75%.  By the 62nd day the 
wastewater was no longer diluted, this change caused a downward trend in the COD removal. It 
went lower than 65% and then glucose was added.  It then remained steady at a 75% removal rate.   
4.2 ACTIVITY OF IMMOBILIZED BACTERIA 
The activity of the fermentative bacteria and methanogens were analyzed to determine the balance 
of the bacteria in the reactor.  Figure 21 shows the plots the COD of the fermentative bacteria over 
time of the activity tests for each of the samples collected.  From the slope of the trendlines found 
on these plots, the activity of the bacteria was determined.  Some data points were omitted.  These 
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data points include the initial decline in activity after the start and other points that were believed 
to be in error.  The R2 value represents how well the data matches the trendline. The data was 
found to have good reliability, as given by the R2 value.  The R2 values never went below 0.938 on a 
0.0-1.0 scale.  The data for the acetic acid tests is shown in Figure 21 and Figure 22. 
   
 
 
FIGURE 21: ACTIVITY OF FERMENTATIVE BACTERIA 
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FIGURE 22: ACTIVITY OF THE METHANOGENS 
Figure 23 displays the activity of the bacteria over the running period.  There is a sharp 
increase in the activity of the fermentative bacteria over the 90 day start up period, with activity 
increasing by over 300%.  The activity remains stable after the initial startup period, and has an 
average value of 72.4 mg COD∙cm3/L∙h.  The activity of the methanogens increased 10.7% during 
the start up period, with an overall decreasing trend.  
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FIGURE 23: ACTIVITY OF BACTERIA OVER THE RUNNING PERIOD 
 From the activity over the running period of the reactor, it can be seen that the activity 
increased greatly over the startup period for the fermentative bacteria.  This coincided with an 
increase in the running performance of the reactor.  From this we find that hydrolysis, which the 
fermentative bacteria are involved, is the rate limiting step of anaerobic metabolism.  After the 
initial startup period the activity of the methanogens begins to decrease at an increasing trend.  The 
activity decreases 16.1% from 08.06.10  to 08.07.16, and then 37.6% over the next time period.  
Crystals were found in the bottom of the reactor, suggesting the buildup of inorganic material in the 
reactor.  
The samples withdrawn from different heights on the reactor were also analyzed to 
determine trends in the activity of the bacteria due to the height.  The plots of the activity data are 
shown below.  
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FIGURE 24: ACTIVITY OF FERMENTATIVE BACTERIA (LEFT) AND METHANOGENS (RIGHT) OVER THE 
HEIGHT OF THE REACTOR 
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 It was found that the activity of both types of bacteria increased with the height of the reactor.  As 
previously stated, the heights of the #1, #4, and #7 ports were 10cm, 40cm, and 70 cm 
(respectively) above the influent port.  The overall height of the reactor was 170 cm.  
 
FIGURE 25: ACTIVITY OF BACTERIA OVER HEIGHT OF REACTOR 
The trends in the activity of both types of bacteria are similar throughout the height of the reactor.  
From port #1 to #4 there is a 19.8% increase in the activity of the fermentative bacteria and a 
12.1% increase in the methanogens.  From port #4 to #7 there just over a 1% increase in the 
activity for both types of bacteria.  For both types of bacteria the major increase in activity comes 
from the #1 to #4 ports.  There is a consistent balance in the distribution of the bacteria over the 
height of the reactor. 
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4.3 MAJOR WASTEWATER CONSTITUENTS 
The major constituents were determined for the influent, effluent with glucose added to the 
influent (referred to herein as effluent with glucose) and effluent without glucose added to the 
effluent (referred to herein as effluent without glucose).  The spectra are shown in Figure 26. 
FIGURE 26: SPECTRA OF (FROM TOP) PTA RAW WASTEWATER, EFFLUENT WITH GLUCOSE, AND EFFLUENT 
WITHOUT GLUCOSE 
The raw PTA wastewater had 16 major peaks.  Major peaks were classified as those having 
a greater than 1.0% peak ratio.  Both types of the effluent contained 9 major peaks.  The four largest 
peaks, by area, are labeled on the spectra and listed in Table 8. 
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TABLE 8: MAJOR CONSTITUENTS IN SAMPLES 
Type Rank Compound Name Retention Time Peak Area 
PTA 
Raw 
Waste-
water 
1 1(3H)-Isobenozofuranone 11.494 407134 
2 Benzoic acid, 4-methyl- 10.493 169565 
3 Phenol 5.797 104661 
4 Benzenecaraboxylic acid 8.793 50171 
Effluent 
without 
Glucose 
1 Benzoic Acid, 4-methyl 15.738 884980 
2 Ethyl cirate 24.822 801636 
3 Phosphoric acid, (P-hydroxyphenyl) 6.962 217456 
4 Benzoic acid, 2-methyl-, trimethylsilyl esther 17.592 206010 
Effluent 
with 
Glucose 
1 9-octadecenamide 38.543 2716427 
2 Benzoic acid 15.828 2573513 
3 Dodecanamide 35.361 634129 
4 Methyline chloride 7.022 332788 
  
The chemical structures of the greatest constituent in each sample are shown below.   
 
FIGURE 27: CHEMICAL STRUCTURE OF MAJOR CONSTITUENTS 
In the figure it is evident that the most complex molecule is that of the                               
1(3H)-isobenzofuranone from the PTA wastewater.  Like the major component in the PTA raw 
wastewater, the 9-octadecenamide found in the effluent without glucose also contains a benzene 
ring.  This makes it more difficult to degrade.  The major component in the effluent with glucose is 
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the benzoic acid, 4-methyl which consists of a carbon chain and is easier to degrade than the 
substituted aromatic compounds.  
4.4 DESIGN OF WASTEWATER TREATMENT SYSTEM 
The new design will utilize five UASB reactors running in parallel.  Each reactor will have a 
volume of 4000 cubic meters.  With this system only four of the reactors need to be operating at one 
time to manage the treatment of the incoming wastewater.  By using the UASB reactors there is no 
need for sedimentation tanks, because of the three phase separator built into the reactors.  This is 
explained in further detail in Section 2.4.1.  Sedimentation tanks will not have to be built, which will 
reduce costs, simplify the system, and decrease the amount of area needed for the system.  When 
four reactors are in use the flowrate into each reactor is 70 cubic meters per hour.  A schematic of 
the new design is shown in Figure 28.    
 
FIGURE 28: PROPOSED TREATMENT SYSTEM DESIGN 
By using multiple small reactors as opposed to two large reactors, it will be possible to shut 
a reactor down and still have enough capacity to continue treating the wastewater.  This will allow 
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maintenance to be performed on the reactors, such as removal of inorganic materials.  The current 
design that makes use of two large anaerobic reactors does not offer this feature, because both 
reactors are required to be in use to deal with the volume of wastewater that is being produced.   
In addition to changing the number of reactors in the system, the type of reactors will also 
be changed.  The fixed film system that is employed in the anaerobic treatment phase will no longer 
be used.  Currently, one of the major issues in the system is the buildup of sludge on the media.  The 
filters are no longer reaching high COD removal rates, because the bacteria are being inhibited by 
the sludge.  The new system does allow the reactors to be cleaned, but the media still adds a large 
initial cost to the construction.  In addition, the media currently in use was designed and installed 
by an overseas company that has not been able to effectively provide solutions to the maintenance 
problems that are being experienced.  The bacteria imbedded in the dense polymer material that 
was tested during the course of this project, may offer a viable solution in the future.  At this point, 
the cost of the imbedding material is too high, but in the future the cost may be lowered.  Seeing as 
we are not using media in the reactor washout may be a concern.  With the use of the three phase 
separator the sludge should stay in the tank.  Only small sludge particles will be able to exit the 
tank, and those will be removed in the aeration tank.   
The UASB reactors will be constructed using local labor and materials such as concrete.  The 
simplicity of the design will increase manufacturability and sustainability of the project, while 
keeping the overhead costs low.  Costs associated with materials and equipment could not be 
obtained for China, therefore the analysis was performed in U.S. dollars.  The costs were 
determined for both the construction of the current design and of the enhanced design.  
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TABLE 9: BREAKDOWN OF COSTS FOR CURRENT TREATMENT SYSTEM 
Item  
Current System 
Quantity Unit Cost (USD) Total (USD) 
Equalization Tanks        
Structure (2) 9600m3 $233,000 $466,000 
Anaerobic Filter       
Structure (2) 8000m3  $349,000 $698,000 
Media 16000 m3 $100/m3 $1,600,000 
Primary Sedimentation       
Structure (2) 5000m3 $215,000 $430,000 
Drives (2) 750kW  $149,000 $298,000 
Secondary Sedimentation       
Structure (1) 8000m3 $344,000 $344,000 
Motor (1) 1200kW $171,704 $171,704 
Primary Aeration       
Structure (1)  4480m3  $233,000 $233,000 
Pumps (2) Reciprocating 300kW $94,700 $189,400 
Secondary Aeration       
Structure (1) 10000m3 $412,000 $412,000 
Pumps (4) Reciprocating 300kW $94,700 $378,800 
Total Cost: $5,220,904 
Large capital costs are from the media ($1.6 million) and the sedimentation tanks (1.4 
million).  These costs add up to $2.4 million and almost double the cost of the project.   By 
utilization the UASB reactors with the three phase separator at the top, there is no need for the 
settling tanks and the media for the bacteria to grow on.  The cost of this treatment option is shown 
in Table 10.  The capital cost for the proposed treatment system is $2.4 million, while the cost for 
building the current system is $5.2 million.  This is a difference of $2.5 million. 
  
46 
 
 
TABLE 10: BREAKDOWN OF COSTS FOR PROPOSED TREATMENT SYSTEM 
Item  
New System 
Quanity Unit Cost (USD) Total (USD) 
Equalization Tanks        
Structure (2) 9600m3  $233,000 $466,000 
Anaerobic Filter       
Structure (5) 4000m3  $217,000 $1,085,000 
Media 0 $0 $0 
Primary Sedimentation       
Structure 0 $0 $0 
Drives 0 $0 $0 
Secondary Sedimentation       
Structure 0 $0 $0 
Motor 0 $0 $0 
Primary Aeration       
Structure (1)  4480m3  $233,000 $233,000 
Pumps (2) Reciprocating 450kW $94,700 $189,400 
Secondary Aeration       
Structure (1) 10000m3 $412,000 $412,000 
Pumps (4) Reciprocating 300kW $94,700 $378,800 
Total Cost: $2,385,400 
A schematic of the proposed UASB design is shown in Figure 29.  
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FIGURE 29: DESIGN OF UASB REACTOR 
 The new design also contains some safety features.  The addition of a manhole at the top of 
the reactor will allow access to the reactor without having to drain the contents of the reactor.  The 
emergency drainage port that is present on the existing reactors will also be utilized on the new 
UASB reactors.  The smaller reactors in the new system provide an inherent safety measure.  If an 
emergency situation occurs in one of the reactors, then only 4000 cubic meters of water need to be 
drained from the reactor, as opposed to 8000 cubic meters in the current system.  This will reduce 
the impact that an emergency release of PTA wastewater will have on the environment. 
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5 CONCLUSIONS 
This section clearly outlines the conclusions that were found from the data presented in the 
previous portion of the report.  The topics included are the ideal start-up characteristics of the 
reactor, the effect of immobilization on the activity of the bacteria, the significance of the 
wastewater components, and design of a new treatment system.   
5.1 RUNNING PERFORMANCE OF REACTOR 
From the data it was found that the startup of the anaerobic reactor using the imbedded 
bacteria took 62 days.  At this time the PTA wastewater was no longer diluted.  The proper 
hydraulic retention time was 3-4 days and the organic loading rate was 2 kg COD/m3∙d.  The 
hydraulic retention time did not vary greatly over the running period.  These conditions allowed 
the COD removal rate of to reach 70-80% consistently.  Typical start-up periods can take from 3-8 
months without the use of immobilized bacteria.  With the use of this technology the startup period 
was just over two months.  It can be concluded that using the imbedded bacteria results in faster 
startup of the reactor and provides greater stability to the system.  The increased stability was 
observed during the fluctuation of the OLR, where little bacterial washout occurred.  With the 
imbedded bacteria the system was also able to reach high COD removal values.    
5.2 ACTIVITY OF BACTERIA 
The activity of the fermentative bacteria increased over time, as the fermentative bacteria 
adjusted to the wastewater during the startup period.  The activity of the methanogens increase 
only slightly during the startup period.  The increase of the fermentative bacteria during the startup 
phase coincided with the increase in the efficiency of the reactor.  For this information, it can be 
inferred that the fermentative bacteria were the rate limiting step in the anaerobic metabolism.  
The activity of the methanogens decreased after the startup period.  Methanogenic bacteria are 
more sensitive to changes in their environment than the fermentative bacteria.  The crystals found 
at the base of the reactor are believed to have been formed by the buildup of inorganic materials.  
These inorganics had a negative affect on the sensitive methanogenic bacteria in the reactor.  The 
fermentative bacteria, which can utilize many different sources for energy, remained unaffected 
and their activity was stable after the startup period.   
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 There was an increase in activity with the height of the reactor for both types of bacteria.  
This similarity shows that there was a balance between the fermentative bacteria and the 
methanogens that was consistent throughout the reactor.  The most active bacteria were at the top 
of the reactor, while the least active were near the entrance of the influent.  The inorganic crystals 
that were found may have inhibited the bacteria near the entrance of the influent.   
5.3 MAJOR WASTEWATER CONSTITUENTS     
The addition of glucose to the influent allowed for greater degradation of more complex 
molecules.  The major components of the PTA wastewater and the effluent without glucose 
contained benzene rings, which are difficult to degrade.  Both the treatment utilizing glucose and 
that without led to a reduction in the major constituents in the wastewater from 16 major peak 
areas to 9.  Glucose was only added to the reactor when necessary.  It adds an additional cost to the 
treatment, but the benefits of the glucose were easily recognizable by comparing the two effluents.   
5.4 WASTEWATER TREATMENT SYSTEM 
The new PTA anaerobic wastewater treatment system addressed issues including 
sustainability, safety, cost, and manufacturability.  One of the greatest aspects of the new system is 
that it provides safe and convenient ways for maintenance to be performed on the system.  This will 
increase the effectiveness of the system which will be seen directly by a reduction in the COD.  The 
system also allows the PTA plant to expand their production, because the fifth reactor can be used 
for non emergency situations.  The flow rates into each reactor will be lowered, which will reduce 
the amount of buildup and blockages in the pipes.  The anaerobic reactors will not contain any 
media for which the bacteria to grow upon.  This will provide a significant reduction in the 
construction cost.  The design of the UASB reactors will prevent washout of large sludge particles, 
reducing the need for the fixed film media.  The three phase separators in the UASB reactor act as a 
sedimentation tank, which simplifies the system and eliminates the cost of building sedimentation 
tanks.   A reduction in capital costs totaling 2.4 million dollars will be achieved by utilizing the 
proposed treatment system for future plants. The anaerobic tanks will be constructed of concrete, 
which is an inexpensive material that is readily available in China.  The design of the reactors is 
simple, and therefore will not require the added expense of hiring an overseas contractor.  Each 
new reactor will have an additional manhole on the top which will provide access for both 
maintenance and emergency needs.  If the wastewater inside a reactor needs to be released in an 
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emergency the environmental impact associated with this will be lessened, because of the smaller 
capacity of the reactors.     
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APPENDIX A: EQUATIONS 
EQU A TI ON 1 :  H YDR AU L IC  R ET EN TI O N TI ME FOR  R EAC TOR   
 
Where = reactor  
 = volume of the reactor 
 = influent flowrate 
 
EQUATION 2: ORGANIC LOADING RATE 
 
Where  = influent COD 
 effluent flowrate 
 = volume of the reactor 
 
EQUATION 3: CONCENTRATION OF VOLATILE FATTY ACIDS 
 
 
Where  = volume of NaOH used in titration 
  = volume of the sample 
 
EQUATION 4: CHEMICAL OXYGEN DEMAND 
 
 
  Where  = volume of Fe(NO4)2SO4 used during titration of the blank  
   = volume of Fe(NO4)2SO4 used during titration of the sample 
   = concentration of Fe(NO4)2SO4 
   = volume of the sample  
 
EQUATION 5: SUBSTRATE LIMITED GROWTH 
 
Where   = specific growth rate 
 = maximum specific growth rate 
Ks = half-velocity constant or substrate concentration at one-half the maximum 
growth rate 
 S = value of growth-limiting substrate in solution 
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APPENDIX B: DATA FROM REACTOR RUN 
 
 
FIGURE 30: ORGANIC LOADING RATE 
 
FIGURE 31: HYDRAULIC RETENTION TIME 
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